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A mathematical model of time-of-flight mass analyzers employing uniform electric fields is
presented that allows “exact” calculations of flight times as functions of mass-to-charge ratio,
initial velocity and position, applied voltages, and instrument geometry. An “approximate”
equation based on a series expansion of the “exact” result is derived which allows focusing
conditions and limits on resolution to be determined for different instrument geometries and
operating conditions. The fundamental theory is applied to predicting resolution and mass
accuracy in matrix-assisted laser desorption ionization-time of flight. In this case higher order
velocity focusing can provide excellent correction for the initial velocity distribution of a
selected mass-to-charge ratio, but the focusing is mass-to-charge ratio dependent. There is
generally a trade-off between ultimate resolution at a particular mass-to-charge ratio and
resolution and mass accuracy over a broad mass range. In most practical applications the latter
is more important. Calculations are compared with experimental results for a particular
analyzer geometry, both at theoretical optimum velocity focus and at operating conditions
where ultimate resolution is sacrificed for a broader range of relatively high resolution and
better mass accuracy. (J Am Soc Mass Spectrom 1998, 9, 892–911) © 1998 American Society
for Mass Spectrometry
In early applications of matrix-assisted laser desorp-tion ionization-time-of-flight (MALDI-TOF) usingeither reflecting [1] or linear [2] TOF analyzers, the
mass resolution was poor and the mass accuracy was
limited. It was soon noted [3, 4] that the major limitation
on resolution and mass accuracy was imposed by the
relatively broad distribution of initial velocities for ions
produced by MALDI. More recently, delayed extraction
techniques [5–8] have been developed that minimize
the effect of initial ion velocity and allow much better
resolution and mass accuracy to be obtained with
MALDI-TOF.
In this article a mathematical model of systems
employing uniform electric fields is presented which
allows “exact” calculations of flight times as functions
of mass-to-charge ratio, initial velocity and position,
applied voltages, and instrument geometry. An “ap-
proximate” equation based on a series expansion of the
exact result is derived which allows focusing conditions
and limits on resolution to be determined for different
instrument geometries and operating conditions. Focus-
ing conditions can be determined for either the case
where spatial spread of the initial ion packet is rela-
tively large and the velocity spread small (such as in
orthogonal injection systems) or in the case where
velocity spread is large and ions are ejected from a flat
surface (e.g., MALDI). Specific examples discussed in-
clude space (energy) and velocity focusing with the
two-stage source of Wiley and McLaren [9] and with a
system employing a single-stage source with a single-
stage mirror.
The fundamental theory is applied to predicting
resolution and mass accuracy in MALDI-TOF. In this
case higher order velocity focusing can provide excel-
lent correction for the initial velocity distribution of a
selected mass-to-charge ratio, but the focusing is mass-
to-charge ratio dependent. There is generally a trade-off
between ultimate resolution at a particular mass-to-
charge ratio and resolution and mass accuracy over a
broad mass range. In most practical applications the
latter is more important. Calculations are compared
with experimental results for two analyzers, both at
theoretical optimum velocity focus and at operating
conditions where ultimate resolution is sacrificed for a
broader range of relatively high resolution and better
mass accuracy.
Theory
As discussed in detail in Appendix I, equations for
calculating the TOF of an ion through any system
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involving uniform electric fields can be derived from
the laws of basic physics. Such equations can be used to
accurately determine the flight time as a function of
mass-to-charge ratio for any specific instrument pro-
vided the distances, voltages, and initial conditions are
given. In general, the accuracy of such calculations is
limited only by uncertainties in the precise values of the
input parameters and by the extent to which the sim-
plified one-dimensional model accurately represents
the real three-dimensional instrument. Unfortunately,
the exact equations are difficult to use in designing
systems that provide optimum performance for partic-
ular applications. For any combination of uniform elec-
tric fields, the exact equation for TOF can be approxi-
mated by the expression
t 5 ~Df0/vn!@1 1 f1p/f0 1 f2p
2/f0
1 f3p
3/f0 1 · · · 2 ~2day/f0D!~v0/vn!# (1)
where D is the length of the field-free region, da is the
length of the first ion acceleration region, v0 is the initial
velocity of the ion, vn is the velocity of an ion of a
particular mass-to-charge ratio after it is accelerated
from rest through the total accelerating potential V, and
y is the ratio of the total accelerating potential to the
portion applied across the first accelerating region. All
of the details of the analyzer geometry and relative
operating voltages are contained in the dimensionless
coefficients f0, f1, f2, f3, and explicit expressions for all
of the common configurations, including one- and
two-field ion sources and mirrors, are given in Appen-
dix I. The dimensionless perturbation p is explicitly the
energy deficit of an ion produced at position x, with
initial velocity v0, divided by the nominal kinetic en-
ergy after the first stage of acceleration.
The dependence on mass-to-charge ratio of the ions
is contained in the expressions for vn and p. Namely,
p 5 x/da 2 yT0/zV 5 x/da 2 y~v0/vn!
2 (2)
vn 5 ~2zV/m!
1/2 (3)
T0 5 mv0
2/ 2 (4)
The accuracy of eq 1 is limited only by truncation of
the power series in the perturbation p. If the power
series were continued to infinity, eq 1 would be exactly
equivalent to the exact equation from which it was
derived. The last term in eq 1, which depends on the
first power of the initial velocity, is exact for all cases.
For most of the applications considered in this paper the
perturbation p is on the order of 1% or less, and the
error induced by truncating after the cubic term is less
than 1 ppm. If higher accuracy is required, or if p is
larger, then more terms must be added to the expan-
sion.
The utility of eq 1 can perhaps be seen more clearly
by rewriting it in the form
t 5 tn@~1 1 e~ x, v0!# (5)
where
tn 5 Df0/vn (6)
e~ x, v0! 5 f1p/f0 1 f2p
2/f0 1 f3p
3/f0 1 · · ·
2 ~2day/f0D!~v0/vn! (7)
Or, rearranging eq 5
e~ x, v0! 5 ~t 2 tn!/tn (8)
Thus, the nominal flight time tn of a particular ion is
given by the effective flight distance Df0 divided by the
nominal velocity vn and the distribution of flight times
relative to the nominal is given by e(x, v0). If the
distributions of initial position and velocity are known,
then the detailed flight time distribution for an ion of
any specified mass-to-charge ratio can be calculated
using the above equations.
Focusing Conditions
Focusing in TOF mass spectrometry involves minimiz-
ing the dependence of the flight time on initial condi-
tions. The general condition for focusing to a particular
order is that the derivative of the quantity in question
(in this case the TOF) with respect to the variable in
question (the initial position or velocity) vanishes at the
mean of the distribution of the variable. For first order
focusing the first derivative must be zero; for second
order focusing, both the first and second order deriva-
tives must simultaneously vanish, and so on. It is well
known from the work of Wiley and McLaren [9] and
others, that it is not possible to cause the first deriva-
tives of flight time with respect to both velocity and
position to vanish simultaneously. Thus, depending on
the relative widths of the distributions, one may choose
to employ space focusing when the velocity distribution
is narrow, and velocity focusing when the spatial dis-
tribution is narrow. In some cases, such as orthogonal
injection or gas phase ionization in the TOF ion source,
the ratio v0/vn is small and independent of mass-to-
charge ratio, and the challenge is to reduce the depen-
dence on initial position x. This is normally termed
“space” focusing, but it should be noted that it is in
reality “energy” focusing. In other cases, such as
MALDI, the initial velocity may be large and nearly
independent of mass-to-charge ratio, but the ions are
produced from a planar surface with a small variation
in initial position. In this case velocity focusing is
required.
For determining space focusing conditions we as-
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sume that the initial velocity is negligible. In this case
we have
e~ x, v0 5 0! 5 f1~ x/da!/f0 1 f2~ x/da!
2/f0
1 f3~ x/da!
3/f0 1 · · · (9)
Space focusing to a particular order is achieved by
causing the corresponding coefficient in the power
series in x/da to vanish. Thus, first order space focusing
requires that f1 vanish, and second order space focusing
requires that both f1 and f2 vanish simultaneously.
Actually, this is energy focusing because the depen-
dence on initial kinetic energy as well as on initial
potential energy is minimized by this focusing. Space
focusing has no effect on the last term in eq 1 or 7, which
is proportional to the first power of the initial velocity,
and in many cases this may be the dominant term
limiting resolution under these conditions.
Velocity focusing requires minimizing the depen-
dence of flight time on initial velocity, including the
first power term. As was discussed originally by Wiley
and McLaren [9], this can be accomplished by delaying
the application of the accelerating field. If ions are
produced in a field-free region and application of the
first acceleration field is delayed for some time Dt after
ion formation, then the position of the ions at the time
of application of the field is given by
x 5 v0Dt (10)
If eq 1 is rewritten as a power series in the initial
velocity, then velocity focusing to a particular order is
achieved by causing the corresponding coefficient in
the power series to vanish. If the variation in initial
position is small, and delayed extraction is employed,
then the perturbation p is given by
p 5 x/da 2 yT0/zV 5 v0Dt/da 2 y~v0/vn!
2 (11)
Substituting this expression for p in eq 1 and rear-
ranging into a power series in v0, the flight time may be
expressed approximately as
t 5 ~Df0/vn!@1 1 h1q 1 h2q
2 1 h3q
3 1 · · ·# (12)
where
q 5 v0/vn (13)
and
h1 5 ~ f1t 2 2day/D!/f0 (14)
h2 5 ~ f2t
2 2 f1y!/f0 (15)
h3 5 ~ f3t
3 2 2f2ty!/f0 (16)
The dimensionless parameter t is proportional to the
delay time and is given by
t 5 vnDt/da (17)
This form of the TOF equation is useful for calculat-
ing focusing conditions and resolution limits when
velocity focusing is required. Thus, first order velocity
focusing requires h1 5 0, and second order velocity
focusing requires that both h1 and h2 vanish simulta-
neously.
Thus, the condition for first order velocity focusing is
given by
f0h1 5 f1vnDt/da 2 2day/D 5 0 (18)
or
Dt 5 2da
2y/f1Dvn (19)
The condition for simultaneous second order velocity
focusing is given by
f0h2 5 f2~vnDt/da!
2 2 f1y 5 0 (20)
After substituting eq 19 for Dt this simplifies to
f2 5 ~ f1
3/y!~D/ 2da!
2 (21)
The time delay for first order focusing is propor-
tional to the square root of the mass-to-charge ratio, but
the second order focusing condition is independent of
mass and depends only on the geometry and relative
operating voltages. A necessary condition for first order
velocity focusing is that the coefficient f1 must be
positive, and for second order velocity focusing both f1
and f2 must be positive. These requirements limit the
range of source dimensions and operating conditions
that can be used. Strictly speaking, these focusing
conditions correspond to minimizing the dependence of
flight times on initial velocity for distributions centered
on zero. For cases such as MALDI where the average
initial velocity is not zero, more accurate focusing
conditions can be derived by minimizing flight time
variation about the appropriate average initial velocity.
In this case the derivatives should be evaluated at the
average velocity. Using eq 12 this implies that the more
precise focusing conditions are
h1 1 2h2q 1 3h3q
2 1 · · · 5 0, first order (22)
h2 1 3h3q 1 · · · 5 0, second order (23)
For most cases of practical interest the h coefficients are
less than unity; thus the error in determining focusing
conditions using 19 and 21 is less than q, where q is
calculated from eq 13 using the average value of the
initial velocity. For example, if v0 5 300 m/s, then q is
approximately 0.01 for an ion of m/z 5000 accelerated
894 VESTAL AND JUHASZ J Am Soc Mass Spectrom 1998, 9, 892–911
to 20 kV. Since q is proportional to the square root of the
mass, q is about 0.1 at m/z 500,000 and 0.001 at m/z
50. In any case, use of the simple focusing conditions
h1 5 0, first order, and h1 5 h2 5 0, second order,
provides a useful first pass at the appropriate focusing
conditions, which allows the geometry to be optimized.
If necessary the delay time then can be adjusted to
satisfy eq 22 when more precise focusing is required.
Resolution
In TOF mass spectrometry the resolution is
R 5 dm/m 5 2dt/t (24)
where t is the flight time and dt is the peak width.
Resolution is typically expressed in ppm and resolving
power is the inverse. In TOF-MS peak widths are
generally reported as full-width at half-maximum
(FWHM), and resolutions are reported with the corre-
sponding convention. If the initial distribution of ion
positions and velocities is known, then the resolution of
any particular configuration can be estimated using eq
1 with the appropriate focusing conditions. Normally,
the resolution is approximately determined by the
lowest order nonzero term in eq 1, but in cases near a
focus where the leading term is small, it may be
necessary to take the first two terms to provide an
accurate estimate. In general, we can calculate a resolu-
tion limit Rs because of spatial spread, and separately a
resolution limit Rv because of velocity spread. If these
two contributions are independent, then the overall
estimate of resolution is given by
R 5 ~Rs
2 1 Rv
2!1/2 (25)
In cases such as orthogonal injection from an exter-
nal source the initial velocity v0 may be small and the
perturbation is given by
p 5 dx/da (26)
where dx is the width (FWHM) of the orthogonal beam.
With first order space focusing, f1 5 0, the space
resolution limit, estimated from the second order term
in eq 1 or 9, is
Rs2 5 2f2p
2/f0 5 2~ f2/f0!~dx/da!
2 (27)
and the velocity resolution limit, given by the uncom-
pensated first order velocity term, is
Rv1 5 2~2day/f0D!~dv0/vn! (28)
where dv0 is the width of the velocity distribution
(FWHM). When both first and second order space
focusing are achieved, f1 5 0, f2 5 0, the space
resolution is estimated from the third order term that is
given by
Rs3 5 2f3p
3/f0 5 2~ f3/f0!~dx/da!
3 (29)
and the velocity resolution is the same as above. In
many cases the gain in overall resolution achieved by
higher order space focusing may be small because the
remaining first-order velocity resolution term is domi-
nant, even though the velocity spread is relatively
small.
In cases such as desorption of ions from surfaces,
with delayed application of the accelerating field, the
perturbation is given by
q 5 dv0/vn (30)
and the term involving the initial position is small
enough to be neglected in estimating the resolution
defined by the velocity spread.
With first order velocity focusing the resolution limit
due to initial velocity is given approximately by the
second order velocity term in eq 12 after substitution of
30 for q, which is
Rv2 5 2h2q
2 5 2~dv0/vn!
2@ f2~2day/f1D!
2 2 f1y#/f0
(31)
and with first and second order velocity focusing the
resolution is
Rv3 5 2h3q
3 5 2~dv0/vn!
3
3 @ f3~2day/f1D!
3 2 2f2y~2day/f1D!#/f0
(32)
With velocity focusing the spatial resolution is given
by the uncompensated first order term in eq 1 after
substitution of 26 for p, which is
Rs1 5 2f1p/f0 5 2~ f1/f0!~dx/da! (33)
By appropriate choice of operating conditions, as
discussed above, the first order term in velocity can be
set to zero for a particular value of mass-to-charge ratio,
but for masses differing significantly from the focused
mass the velocity limit on resolution is set by the
residual uncompensated first order velocity depen-
dence. From eq 1 this first order dependence is given by
Rm 5 Rv1f @1 2 ~mf/m!
1/2# (34)
where mf is the mass corresponding to the first order
focus, and Rv1f is the resolution limit in the absence of
first order velocity focusing given by eq 28 evaluated at
the focused mass. In all of the above equations for
resolution limits the absolute value of the quantity in
the square bracket is implied.
895J Am Soc Mass Spectrom 1998, 9, 892–911 RESOLUTION AND MASS ACCURACY IN MALDI-TOF
These equations can be used to estimate the theoret-
ical resolution for any particular instrumental configu-
ration, provided the initial distributions are known or
can be estimated with reasonable accuracy. The theo-
retical estimate of resolution can be improved by using
more terms from eq 1, but such corrections are only
significant near a focal condition in which the leading
term is small. In such cases the calculated contribution
to peak width is generally very small, so that the
practical resolution limit is set by other contributions to
the peak width, and more accurate determination of a
term which is not limiting resolving power is of little
practical value.
Case I. Single-Stage Source with Drift
Tube
This system consists of a uniform electrical field and a
field-free drift space as illustrated in Figure 13 in the
Appendix. In this case y 5 1, and the f coefficients are
given by eqs 88–92 in the Appendix. First order space
focusing is satisfied by the geometrical condition
2da 5 D (35)
and higher order space focusing is not possible. For first
order velocity focusing we have from eq 19
Dt 5 2da
2/f1Dvn (36)
and second order velocity focusing, according to eq 21,
requires that
@3 2 2da/D#/8 5 $@1 2 2da/D#/ 2%
3~D/ 2da!
2 (37)
This is satisfied by the condition
6da 5 D (38)
which implies that
f0 5 4/3, f1 5 f2 5 1/3, f3 5 7/ 24 (39)
and with this geometry the first order focusing condi-
tion becomes
Dt 5 da/vn (40)
The fact that both first and second order velocity
focusing is possible with such a simple system is
somewhat surprising, and to the best of our knowledge
has not been noted previously; however, as discussed
below, this analyzer has very limited practical utility.
For the purpose of comparing performance of differ-
ent geometries for similar initial conditions, we will set
the length of the field-free region, D 5 1 m, and adjust
the other parameters to achieve the desired focusing. In
MALDI the initial velocity distribution is nearly inde-
pendent of the mass of the analyte, but depends on the
choice of matrix [15] and may depend on operating
conditions such as laser intensity. For the purpose of
comparing the performance of different analyzers we
assume the average initial velocity is v0 5 300 m/s and
that the width of the velocity distribution (FWHM) is
approximately equal to the average and is independent
of the mass of the ion. In MALDI the uncertainty in
initial position is small and may depend primarily on
the size of the crystals produced on the surface. For the
purpose of comparisons we assume Dx 5 1022 mm.
For this purpose we must also consider a particular
mass and accelerating voltage. For this discussion we
will take m/V equal to 1 Da/V, then vn is approxi-
mately 13,800 m/s. This corresponds, for example, to an
ion of m/z 20,000 Da accelerated by a potential differ-
ence of 20 kV. With first and second order velocity
focusing the velocity limit on resolution is given by eq
32 and the spatial limit on resolution is given by eq 33,
Thus
Rv3
21 5 ~16/9!~vn/dv0!
3 5 196,600
and
Rs
21 5 2~da/dx! 5 33,300
This resolving power is achieved for m/V 5 1 when
application of the accelerating field is delayed from ion
formation by
Dt 5 da/vn 5 1/~6 3 13,800! s 5 12.08 ms
and the appropriate delay for other masses is this value
multiplied by the square root of m/V.
In space focusing applications, the strong dependence
on initial velocity is an obvious limitation of this simple
geometry. On the other hand, the resolution in the velocity
focusing mode is excellent at the focused mass. The major
problems with this simple analyzer are (1) the second
order focus is entirely determined by the geometry and
no electrical adjustment is possible, and (2) the focal
conditions are very strongly mass dependent so that
both high resolution and mass accuracy are achieved
only over a relatively narrow mass range. The breadth
of focus can be increased at the expense of maximum
resolution at a particular mass by shortening the source
relative to that satisfying second order focusing.
Case II. Single-Stage Source with
Single-Stage Mirror
In this case the f coefficients are given by eqs 97–101 and
the potential diagram for the single-stage mirror is
shown in Figure 13c in the Appendix. First order space
focusing is satisfied by the geometrical condition
2da 1 4dR 5 D (41)
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and higher order space focusing is not possible. The
relative length of either the source or the mirror is not
restricted by this condition, one may be treated as a free
parameter and the other must be chosen to satisfy eq 41.
First order velocity focusing is formally the same as for
the single-field source without the mirror, eq 36, but
now the length of the source relative to the drift
distance may be varied. Second order velocity focusing
requires that eq 21 be satisfied. If we let r 5 4dR/D,
then this equation, which is quadratic in the parameter
2da/D, can be solved to give
2da/D 5 @3~1 2 r!
2/4r#$@1 1 8r/9~1 2 r!#1/2 2 1%
(42)
Second order velocity focusing can be achieved by
combinations of source and mirror lengths which sat-
isfy eq (42). Results are summarized in Figure 1 where
the relative source length and f coefficients for second
order velocity focusing are plotted as a functions of
mirror length. The left-hand side of the figure corre-
sponds to the linear analyzer with no mirror. Also
shown are the delay time for first order focusing,
calculated resolving power limits Rv3
21, Rs1
21 for m/V 5
1 u/V, and Rv1
21 which determines the mass dependence
of the resolving power. As can be seen from the figure,
the limitation on resolving power is determined primar-
ily by the spatial limit on resolving power since the
velocity limit is much higher under all conditions. It
should also be noted that addition of the mirror actually
causes a decrease in the theoretical maximum resolving
power, although this decrease is relatively minor until
the source length becomes very small. The advantage of
using the mirror is not better resolution at a given mass,
but rather better resolution over a wide mass range, and
better mass accuracy resulting from smaller depen-
dence on the initial velocity of the ions. Results com-
paring resolution for the linear analyzer with that for
the reflector at r 5 0.9 are given in Figure 2. These
results correspond to first and second order velocity
focusing at m/V 5 1 u/V. As can be seen from the
figure, the theoretical resolving power for the linear
analyzer at the focused mass is nearly twice that of the
reflector, because of a higher spatial resolving power
limit, but the range over which the linear analyzer gives
higher resolving power is only about 1% of the focused
mass.
Physical interpretation of the focusing conditions for
space (energy) focusing is relatively simple. The field-
free drift length is equal to the focal length of the source
plus the focal length of the mirror. With delayed
extraction velocity focusing, the source focal length can
be adjusted by adjusting the delay time. When the
source first-order velocity focus is made to coincide
with the object plane of the mirror, then first order
velocity focusing is also achieved at the detector. It
should be noted that the mirror focusing is first order in
energy; that is, the focusing properties are independent
of mass-to-charge ratio, but the first order velocity
focusing is mass dependent. When both the first and
second order focusing conditions are satisfied simulta-
neously, eqs 19 and 21, then both first and second order
foci occur at the detector. The second order velocity
focus is independent of mass-to-charge ratio. Second
order focusing depends only on the geometry of the
system. With the system consisting only of a single-field
source and a field-free drift space, second order focus-
ing occurs at a drift distance which is six times the
Figure 1. Summary of calculations on TOF analyzer consisting of
single-stage source with single-stage mirror employing second
order velocity focusing. In panel (a) the parameters s 5 2da/D, f1,
f2, s/f0, and h3 are plotted as functions of the relative mirror
length r 5 4dR/D. Panel (b) shows the parameter f0, where f0D is
the effective length of the analyzer, and the delay time Dt. Panel
(c) shows the resolving power limits Rs1
21, Rv1
21, and Rv3
21. Note that
Rv3
21 is reduced by a factor of 10 to bring it on scale with the others.
These calculations are based on a field-free distance, D 5 1 m with
m/V 5 1 u/V and v0 5 300 m/s.
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source length, and there are no adjustable parameters.
To achieve both first and second order focusing the
delay time is adjusted to cause the first order focus for
a selected mass-to-charge ratio to occur at this distance.
The addition of a mirror to this system provides a free
parameter, the effective length of the mirror, which can
be adjusted by changing the voltage applied to the back
of the mirror. This combination allows a much shorter
source to be used, and the mirror length can be adjusted
to bring the second order focus to the detector. If the
delay time is chosen to satisfy eq 19 for a particular
nominal velocity, which depends on mass-to-charge
ratio and the accelerating voltage, then the first and
second order foci can be made to coincide for that value
of mass-to-charge ratio.
Case III. Two-Stage Source with
Drift Tube
The two stage source provides an additional free pa-
rameter, the voltage ratio y, which can be varied to
adjust the focal length of the source. The potential
diagram for the two-stage source is shown in Figure 13b
in the Appendix. In this case the f coefficients are given
by eqs 118–121 in the Appendix. The condition for first
order space focusing, corresponding to f1 5 0, is given
by
2da/D 5 1/y
3/2 2 ~2d0/D!@ y
1/2/~ y 2 1!#
3 ~1/y 2 1/y1/2!
5 1/y3/2 1 ~2d0/D!/~ y 1 y
1/2! (43)
which can be rearranged to the form
D 5 2day
3/2@1 2 ~d0/da!/~ y 1 y
1/2!# (44)
This is the focusing condition originally derived by
Wiley and McLaren [9]. They also noted that second
order focusing can also be achieved with a two-stage
source. Setting both f1 and f2 equal to zero and elimi-
nating da gives
2d0/D 5 1 2 3/y (45)
which must be satisfied simultaneously with the first
order condition (43)
The conditions required for first and second order
velocity focusing, eqs 19 and 21 above can be satisfied
by a range of values of the relative source lengths with
a specific value for the voltage ratio y for each geome-
try. Unfortunately, the second order condition involves
a higher order polynomial, which is difficult to solve
analytically, but which can be solved numerically for a
given geometry.
With MALDI the two-stage source with first and
second order velocity focusing provides very little
improvement in resolution over that available with the
single-stage source, but the two-stage source has the
advantage that the focus can be adjusted electrically by
varying the potential applied to the intermediate grid.
By operating with a source length that is substantially
shorter than that required for second order velocity
focusing it is possible to obtain a broader focal range by
sacrificing maximum resolving power at the focused
mass. Calculated values of the resolving power limits
Rs1
21 and Rv2
21 and the resultant resolving power R21 for
first order velocity focusing are plotted as a function of
the voltage ratio y in Figure 3. In this case the two stages
are taken of equal length so that y 5 2 corresponds to
a single stage source. As y increases a smaller fraction of
the total accelerating voltage is applied across the first
region in which the ions are produced. The spatial limit
on resolving power increases monotonically with in-
creasing y, whereas the velocity limit increases to a
maximum and then decreases at large y values. On the
other hand, at larger values of y the mass range of the
focus is much narrower as shown in Figure 4.
Figure 2. Calculated resolving power as a function of m/V with
second order velocity focus at m/V 5 1 for single-stage source,
and for single-stage source with single-stage mirror, relative
length r 5 0.9, both with 1 m field-free drift space. Average initial
velocity 5 300 m/s. The region around the focused mass is blown
up in the inset.
Figure 3. Calculated resolving power limits as functions of the
voltage ratio y for a two-stage source with equal accelerating
distances, da 5 d0 5 5 mm, and 1 m field-free drift space with first
order velocity focusing for m/V 5 1, v0 5 300 m/s. Shown are
Rs1
21, Rv1
21, Rv2
21, resultant resolving power R21 and the delay time
Dt producing first order focusing.
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Case IV. Two-Stage Source with Single-
Stage Mirror
In this case the f coefficients are given by eqs 123–126 in
the Appendix and the potential diagrams are shown in
Figure 13b, c. If we let r 5 4dR/D, the conditions for
first and second order spatial focusing are
2da/D 5 ~1 2 r!/y
3/2 2 ~2d0/D!@ y
1/2/~ y 2 1!#
3 ~1/y 2 1/y1/2! (46)
2d0/D 5 1 2 r 2 ~3 2 r!/y (47)
The condition for first order velocity focusing is
given by eq 19, and the condition for second order
velocity focusing, eq 21, can be solved numerically. For
the MALDI case the two-stage source does not give
significant improvement over the single-stage source
operated at comparable mirror length with first and
second order velocity focusing. However, the two-stage
source does provide additional flexibility. For example,
the same source can be used with both a linear and a
reflecting analyzer, and the focus conditions can be
varied to sacrifice ultimate resolution at a particular
mass for adequate resolution over a broader mass
range. This is the configuration we have chosen for
application to MALDI, and its characteristics are dis-
cussed in more detail below.
Case V. Single-Stage Source with
Two-Stage Mirror
In this case the f coefficients are given by eqs 136–139 in
the Appendix and the corresponding potential dia-
grams are shown in Figure 13a, d. The conditions for
first and second order spatial focusing are given by
4d1/D 5 ~w 2 3!/w 2 ~2da/D!~w 2 1!/w (48)
4d2/D 5 ~1 2 2da/D!/w
3/2 1 ~4d1/D!/~w 1 w
1/2!
(49)
where w is the ratio of the total accelerating voltage to
the voltage difference applied across the second stage of
the mirror. First order velocity focusing is obtained by
satisfying eq 19, and the conditions for second order
velocity focusing can be determined by numerically
solving eq 21.
The two-stage mirror was first described by
Mamyrin [10], and in his design the distance d1 was
much smaller than d2. This design creates a situation in
which the field strength is the first stage of the mirror is
very high compared to that in the second stage. It has
recently been shown [11] that scattering at the grids
may seriously limit the resolution, and that better
performance can be obtained in practice by employing
a mirror design in which the lengths of the two stages
are more nearly equal. It should also be noted that the
same order of space focusing can be achieved using a
two-stage source with a single-stage mirror. In MALDI,
where velocity focusing is required, the only theoretical
advantage for the two-stage mirror is that the physical
length of the mirror may be shorter than for a single-
stage mirror with comparable performance.
Case VI. Two-Stage Source with
Two-Stage Mirror
The f coefficients for this case are given by eqs 144–147
in the Appendix, and the potential diagrams are shown
in Figure 13b, d. First and second order focusing can be
achieved by combining the conditions given above. It
should also be theoretically possible to find a third
order focusing condition since an additional free pa-
rameter is available, but unless the initial spread in
position is very large this result is only of academic
interest. If we focus the source at D1 and the mirror at
D2, then the total drift space is
D 5 D1 1 D2 (50)
and the focusing conditions are given by
2d0/D1 5 1 2 3/y (51)
2da/D1 5 1/y
3/2 1 ~2d0/D1!/~ y 1 y
1/2! (52)
4d1/D2 5 1 2 3/w (53)
4d2/D2 5 1/w
3/2 1 ~4d1/D2!/~w 1 w
1/2! (54)
As in the other cases cited above, first order velocity
focusing is obtained by satisfying eq 19, and the condi-
tions for second order velocity focusing can be deter-
mined numerically by solving eq 21. Except possibly for
physical size, there appears to be little advantage to this
configuration for MALDI.
Figure 4. Calculated resolving power as function of mass-to-
charge ratio for two values of the voltage ratio y for the analyzer
defined in Figure 3 with first order focus at m/z 5 20,000 and
with an accelerating voltage of 20 kV.
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Higher Order Focusing
As has been discussed by Rockwood [12], it is theoret-
ically possible to achieve space (energy) focusing to
infinite order using a parabolic reflector with no field-
free drift space. Cotter and co-workers [13] have de-
scribed a curved-field reflector with approaches this
ideal and allows improved resolution over a wide
energy range. This system has been applied to the
analysis of fragment ions produced by postsource de-
cay (PSD) where the energy of low-mass fragment ions
may be only a small fraction of that of the primary ions.
First order velocity focusing with delayed extraction
has been shown to be feasible with the curved-field
reflector described by Cotter [13], but not for the
idealized “Perfectron” described by Rockwood [12].
Other Limits on Resolution
With delayed extraction the contribution of initial ve-
locity to measured peak width can be made very small
for a selected ion of given mass-to-charge ratio, but the
very high theoretical resolution is rarely achieved be-
cause other contributions then become dominant.
Time Measurement
At low values of mass-to-charge ratio the resolution is
generally limited by the uncertainty in the TOF mea-
surements. With MALDI, using a transient digitizer and
a channel plate detector, the time resolution is limited
by the width of a single ion pulse as measured by the
digitizer. Using a dual channel plate with an imped-
ance-matched anode, single-ion pulses 1.2 ns in width
(FWHM) have been measured using a digitizer with a
0.25 ns bin width [14]. Because the flight time increases
is proportion to the square root of the mass, and the
uncertainty in the time measurement is independent of
mass, the resolving power limit because of the time
measurement increases in proportion to the square root
of mass-to-charge ratio of the ion.
Trajectory Errors
The theoretical analysis of TOF analyzers given in the
Appendix assumes that all of the electric fields are
uniform and that the ion detector is a plane perpendic-
ular to the ion velocity vector. This defines an ideal
one-dimensional analyzer as an approximation to the
real three-dimensional system. Any deviation from this
ideal can lead to ions with the same nominal velocity
having different trajectories through the system and, as
a consequence, slightly different flight times. One obvi-
ous example of such a trajectory error is the channel
plate detector which consists of small diameter chan-
nels inclined at a small angle to the normal to the
nominal detector plane. Thus, the distance that an ion
travels before striking the inside of the channel and
producing secondary electrons depends on its position
relative to the axis of the channel. The total variation in
flight distance is given by
DL 5 d/sin a (55)
where d is the diameter of the channel and a is the angle
of the channel axis relative to the ion velocity vector.
The resolution limit because of this error is given by
RL 5 d/Df0 sin a (56)
where it is assumed that the contribution (FWHM) to
the peak width is one-half of the total variation given by
eq 55. In the smaller reflecting instrument on which
resolution enhancement by delayed extraction was first
demonstrated [8], the detector employed a channel
plate with a coaxial aperture and 25 mm diameter
channels set at 8 degrees to the normal, and the effective
flight path Df0 was approximately 2 m. For this case the
calculated resolving power limit because of the detector
was about 11,000. By using a smaller channel diameter,
a larger angle, or a larger overall instrument this
resolving power limit can be increased.
Other trajectory errors may be introduced by field
nonuniformity. Any focusing element designed to in-
crease ion transmission by focusing the beam involves
interchange between axial kinetic energy and trans-
verse kinetic energy and may introduce significant
trajectory errors. This generally implies a trade-off
between ion signal intensity and resolving power sim-
ilar to that observed in other mass analyzers.
Scattering at Grids
The uniform fields assumed in the theoretical model
can only be approximated in practice by using fine
mesh grids to separate regions of different electrical
field strength. These grids cause a small loss in ion
intensity because of scattering of ions from the grids,
and under some conditions small angle scattering at the
grids can degrade resolution. This problem has been
elegantly treated by Bergmann et al. [11]. The major
problem is that ions which pass near a grid wire may be
deflected resulting in a change in the axial velocity,
whereas ions that pass through the center of the grid
opening are undeflected and continue with no change
in axial velocity. Grids in the ion source or at the
detector have a very small effect on resolution because
the total distance traveled before (source) or after (de-
tector) deflection is a small part of the total flight path.
Grids in the mirror may cause a significant reduction in
resolving power. The magnitude of the effect depends
on the difference in field strength of the fields separated
by the grid relative to the kinetic energy of the ions as
they pass through the grid. This effect is particularly
important in the two-stage mirror design of Mamyrin
[10], but it can be substantially reduced by making the
lengths of the two stages more nearly equal as de-
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scribed by Bergmann et al. [11]. For a single-stage
reflector the field strength is considerably less than in
the two-stage case, and the only grid is at the mirror
entrance where the kinetic energy is highest. In this case
the perturbation to resolution is generally small com-
pared to other trajectory errors such as described above.
High Voltage Variations
For a simple linear TOF analyzer the resolution limit
because of fluctuations in the accelerating voltage is
R 5 dm/m 5 dV/V (57)
where V is the accelerating voltage, and dV the fluctu-
ations over a time period comparable to or longer than
the ion flight time through the ion source. Faster
fluctuations will be less significant because their effect
is averaged out. Because power supplies with ripple
and noise figures of 0.001% are commercially available,
this should not be a serious limitation at resolving
power below 100,000. For systems employing an ion
mirror the resolution limit imposed by fluctuations in
the mirror voltage is also given by eq 57, and the
accelerating voltage is less critical.
Calibration and Mass Accuracy
In TOF mass spectrometry the flight time of ions is
measured, and from those measured times the mass-to-
charge ratios of the ions detected is determined. In the
case of orthogonal injection of ions from an external
source, the ratio of velocities v0/vn is normally inde-
pendent of mass, so that eq 1 can be trivially inverted to
give
~m/z!1/2 5 A~t 2 t0! (58)
where t is the arrival time of the ion as determined with
a digitizer, and t0 is introduced to correct for the fact
that the digitizer is not necessarily started at the same
time that the extraction pulse is applied. If the instru-
mental parameters are accurately known, the calibra-
tion constant A can be determined by inverting eq 1;
alternatively both A and t0 can be determined experi-
mentally by calibration measurements on two or more
known ions. In the case of MALDI where the initial
velocity is nearly independent of mass [15], the pertur-
bations are mass dependent and accurate inversion of
eq 1 is more complicated. For MALDI eq 1 can be
arranged to the form
A~t 2 t0! 5 ~m/z!
1/2@1 2 Bv0~m/z!
1/2 2 Cv0
2~m/z!#
(59)
The correction terms within the square bracket are
small compared to unity, but not insignificant. Approx-
imating mass-to-charge ratio in the correction terms by
eq 58, this equation can be formally inverted to give
~m/z!1/2 5 A~t 2 t0!@1 1 Bv0A~t 2 t0!
1 Cv0
2A2~t 2 t0!
2# (60)
This equation shows explicitly the dependence of the
mass calibration on the average initial velocity v0 up to
second order. Higher order terms in the initial velocity
are neglected, but this equation generally represents the
exact expression with an error less than 1 ppm. Theo-
retical values for these calibration constants can be
derived from eq 1. These are given by
A 5 @~2V!1/2/Df0#@1 1 ~ f1/f0!~v0Dt/da!
1 ~ f2/f0!~v0Dt/da!
2# (61)
B 5 2day/Df0~2V!
1/2 (62)
C 5 yf1/ 2Vf0 (63)
where v0 is the average initial velocity and SI units are
used throughout. The calibration coefficients can be
calculated with an accuracy limited only by the accu-
racy with which the instrumental parameters and the
average initial velocity are known. This is normally
adequate for a first approximation, but for more accu-
rate work empirical calibration is required. One proce-
dure is to calibrate on two or more known peaks to
determine the major constants A and t0, and to calculate
the correction terms from the instrumental parameters,
and the nominal value of the average initial velocity
corresponding to the matrix used as described earlier
[15]. An alternative procedure is to determine all four
constants empirically using four or more known peaks.
Either procedure gives excellent results provided the
average initial velocities of calibrants and unknowns
are all substantially the same. The latter procedure can
be used to determine an experimental value for the
average initial velocity. Systematic errors are often
observed when the calibrants and unknowns are differ-
ent types of ions, which may be formed by different
mechanisms. For example, sodiated ions from polyeth-
ylene glycols do not work well as calibrants for proton-
ated peptides, presumably because the average initial
velocities are different.
Conclusions from Theoretical
Considerations
1. First and second order velocity focusing is possible
with a simple TOF analyzer consisting of either a
single-stage or a two-stage source with a field-free
flight tube. Very high theoretical resolving power
can be obtained at a selected mass-to-charge ratio,
but second order focusing with this simple analyzer
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is impractical for most applications because the
range of focus is too narrow.
2. Addition of a mirror to the analyzer does not im-
prove the theoretical resolution for the focused mass
with first and second order velocity focusing, but it
dramatically broadens the range of focus and im-
proves the ease of accurate mass calibration.
3. An analyzer consisting of a two-stage source and
single-stage mirror provides maximum flexibility
and performance with MALDI. It can be used in first
order mode to obtain a broad range of focus or in
first and second order mode to give high resolving
power at a selected mass with useful range of focus.
4. For velocity focusing there is no advantage in using
a two-stage mirror. Scattering at the intermediate
grid in a two-stage mirror may actually reduce the
practical performance from that of the single-stage
mirror.
Practical Analyzers for MALDI-TOF
Two mass analyzers have been employed for compar-
ing experimental results with theoretical predictions.
Critical dimensions of these instruments are summa-
rized in Table 1. Instrument 1 is a simple linear analyzer
with two-stage source, corresponding to Case III above,
and Instrument 2 employs a single-stage reflector with
a two-stage source, Case IV. A schematic diagram of
Instrument 2 is shown in Figure 5. An earlier version of
instrument 2 [8] used a coaxial geometry with two-stage
source and single-stage mirror in which the detector
was a 75 mm dual channel plate with a central aperture.
These large detectors were only available with 25 mm
diameter channels. After installing delayed extraction
on this instrument, it became apparent that the resolu-
tion was limited by the detector. To correct this problem
the mirror was inclined at an angle of 1 degree relative
to the axis and the coaxial detector was replaced by a
40-mm-diameter DCP with 10 mm channels mounted
off-axis as illustrated in Figure 5. With this new ana-
lyzer configuration the experimentally observed resolu-
tion is in good agreement with theoretical predictions.
This system employs a two-stage source with dimen-
sions indicated in Table 1 and includes a detector
mounted behind the mirror which provides Case III
operation with the mirror voltage turned off, and a
detector at the mirror exit, Case IV, with the mirror
voltage applied. The physical length of the mirror is
approximately 1.1 times larger than one quarter of the
field-free drift length, so that for r 5 1, in eq 31 for
example, the voltage applied across the mirror is 10%
higher than the accelerating voltage.
Comparison with Experimental Results
With Instrument 1 the relatively short source length
employed does not allow second order focusing to be
achieved, but as shown in Figure 6, there is a maximum
in a plot of the resolving power as a function of the
voltage ratio y. At the maximum resolving power the
second order dependence on velocity is minimum, but
not zero. Operating at this point provides a velocity
resolving power limit significantly less than theoreti-
cally possible with second order focusing, but still
Table 1. Dimensions of instruments used for comparison with
theorya
Instrument 1 2
Type Linear
Case III
Reflector
Case IV
Source
First region, da 3.6 2.8
Second region, d0 17.4 17.4
Drift space, D 1292.0 1423.4
Reflector, dR
0 n.a. 391.4
aAll dimensions in mm. Figure 5. Schematic diagram of MALDI-TOF instrument em-
ploying a two-stage source and a single-stage mirror. Critical
dimensions are given in Table 1. The axis of the mirror is inclined
relative to the nominal direction of the incoming ion beam by 1
degree and the DCP detector for the reflected beam is adjacent to
the exit from the mirror. A second DCP detector is located behind
the mirror for use in the linear mode when the mirror voltage is
turned off.
Figure 6. Calculated velocity resolving power limit Rv2
21 for
instrument 1 with first order velocity focusing as a function of grid
ratio for MH1 of insulin, m/z 5734.5, and ACTH clip (18–39),
m/z 2466. Accelerating voltage 5 20 kV and assumed average
initial velocity 5 300 m/s. The grid ratio is the fraction of the total
accelerating voltage applied to the intermediate grid separating
the two regions of the two-field source, and is equal to 1 2 1/y,
where y is ratio of the total voltage to voltage applied across the
first region.
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sufficient that the actual resolving power is generally
limited by other factors. Furthermore, the breadth of
focus is considerably wider as shown in Figure 7 which
may be contrasted with Figure 2 where resolving power
as a function of mass is shown for a linear analyzer with
second order focusing and similar field-free drift space
dimensions. Examples of spectra obtained with opti-
mized first order velocity focusing on Instrument 1 are
shown in Figure 8. These were all obtained by operating
the grid voltage at near the resolution maximum and
adjusting only the delay time to optimize the resolution.
The optimum delay times determined experimen-
tally are compared with theoretical calculations in Table
2. Delay times calculated from eq 19 differ by about a
factor of 2 from those determined experimentally. A
more accurate calculation of optimum delay time em-
ploying eq 22 reduces the disagreement, but only mar-
ginally. Optimum delay times have also been calculated
“exactly” by calculating flight times as functions of
initial velocity using the exact equation 116 in the
Appendix and determining the optimum delay by
simplex optimization. These “exact” results are in rea-
sonable agreement with the approximate calculations,
but not with experiment. It appears that this discrep-
ancy is primarily because of the fact that the one-
dimensional model does not represent the real three-
dimensional system with sufficient accuracy. The
calculations are based on the assumption of uniform
electric fields, and small deviations in uniformity may
cause the effective lengths of these fields to differ from
their geometric lengths. The theoretical delay time is
particularly sensitive to such errors.
The calculated resolving power for this case is com-
pared with the experimental results of Figure 8 in Table
3. The agreement between experimental and calculated
results is excellent. As can be seen from Table 3, the
spatial resolution limit Rs1 is the most critical limit on
resolution. The velocity limit becomes important at
higher mass, and time resolution limit is more signifi-
cant at lower mass. The experimental results represent
the best that were achieved in several trials under the
indicated conditions. In repetitive measurements the
resolution varied by ;20%, presumably because of
variations in effective widths of the distributions of
initial velocity and/or position. At higher masses, iso-
topic resolution is not achieved with the linear analyzer,
but peak widths approaching the width of the isotopic
envelope are approached up to at least m/z 30,000.
With the reflecting instrument (Instrument 2 in Table
1) illustrated in Figure 5, resolving power of about
20,000 can be obtained for peptides and small proteins.
Performance for proteins appears to be primarily lim-
ited by in-flight fragmentation. This instrument is par-
ticularly useful for analyzing protein digests where a
wide range of focus and high mass accuracy over a
broad range are important. The combination of a two-
stage source with a single-stage mirror allows consid-
erable flexibility in the tuning. The instrument may be
tuned to provide maximum velocity resolving power at
a particular mass, minimum dependence on initial
velocity, or widest range of focus. Examples of three
different tuning conditions are illustrated in Figure 9. In
tuning #1 a relatively low value of the grid voltage,
Figure 7. Calculated resolving power as a function of mass-to-
charge ratio with first order velocity focusing for MH1 of insulin
at different grid ratios, G, for instrument 1. At each grid ratio the
delay time is adjusted to correspond to first order velocity focus at
m/z 5734.5.
Figure 8. Examples of observed isotopic profiles for three masses
under optimized first order focusing conditions for instrument 1.
The grid ratio G was set near the theoretical optimum at 0.935 and
the delay time was adjusted to optimize the resolution at each
mass. Matrix: aCHCA, V 5 20 kV.
Table 2. Optimum delay times for Instrument 1
m/z
Delay, Dt (ns)
1st approx. 2nd approx. Exact Experimental
2466 317 364 342 650
3661 386 448 423 730
5735 483 572 539 850
Table 3. Calculated resolving power limits and comparison
with experimental results for Instrument 1
m/z qa Rv2
21 Rs1
21b Rt
21c Rcalc
21 Rexp
21
2466 0.00757 24,800 7820 10,500 6080 5800
3661 0.00911 16,670 7820 12,800 6200 6400
5735 0.0114 10,650 7820 16,000 5870 7000
adv0 5 300 m/s.
bdx 5 0.01 mm.
cdt 5 1.6 ns.
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corresponding to a small value of the voltage ratio, is
used which produces a first order focus very close to the
source, and the mirror voltage is lowered to refocus
(first order) at the detector. In this case the focus is
broad, but the maximum velocity resolving power at a
selected mass is lower, and some dependence of resolv-
ing power on average velocity is expected for different
matrices. In tuning #2 the first order focus is moved
farther from the source by increasing the voltage ratio y,
and in tuning #3 y is increased still further and the
mirror voltage adjusted to provide second order focus-
ing at the mirror. It might be expected that tuning #3
would give the highest resolving power at a selected
mass, but unfortunately as we move closer to the
second order velocity focus the space focus limit de-
creases and becomes dominant. Optimum delay times
calculated from eq 19 and from the exact theory are
compared with the experimentally determined values
in Table 4. Except for tuning #1 the approximate calcu-
lations are in good agreement with the exact result and
in fair agreement with experimental values. Tuning #1
corresponds to operating very near the first order space
focusing point, that is, f1 is very small. In this region it
appears that neglecting higher order terms in the cal-
culation of delay time produces a significant error.
Calculated results for each of the resolving power limits
are given in Table 5, and the resultant resolving power
is compared with experiment in Table 6. In all cases the
resolution was optimized for MH1 of insulin, and the
resolution at angiotensin is a measure of the breadth of
focus.
With tuning #2 the resolution at the selected mass is
nearly independent of matrix because velocity resolu-
tion is not the limiting factor, and the effect of initial
velocity on resolution is much less important. The
resolution is limited by trajectory error and time reso-
lution. Examples of insulin spectra obtained with three
different matrices under identical tuning conditions are
shown in Figure 10. As indicated in the figure, the
average initial velocities determined earlier [15] are
significantly different for these matrices, but as indi-
cated theoretically, velocity resolution is not limiting
with this tuning condition. With tuning #3 even higher
velocity resolving power is predicted, but the space
resolution now becomes limiting. Thus, the resolving
power is independent of matrix but is lower because of
the space resolution limitation. While tuning #1 shows
more dependence on matrix it is generally preferred for
the analysis of protein digests because it focuses over
the broadest mass range and gives the smallest velocity
dependent corrections in calibrating the mass scale.
Examples of peptide spectra obtained in a single mea-
surement are shown in Figure 11. In this case the
focused mass was approximately 2500 u. The resolving
power is greater than 10,000 over the range from
roughly 1000 to 6000 u.
This velocity dependent corrections of the mass scale
for these three tunings are summarized in Figure 12. For
tuning #1, corresponding to the shortest focal length for
the source, the velocity dependent corrections are
Figure 9. Schematic illustration of three different “optimum”
tuning conditions for the instrument 1. In all cases the plane of
first order focus for the source corresponds to the object plane for
the reflector, and the beam is refocused, to first order, at the
detector. In tuning 3, both first and second order velocity focusing
are achieved at the detector.
Table 4. Delay times for insulin MH1 under tuning conditions
of Figure 9
Tuning y r
Delay, Dt (ns)
1st
approx.
2nd
approx. Exact Experimental
#1 3.33 0.991 694 360 365 490
#2 4.55 0.952 392 330 335 410
#3 5.69 0.880 261 255 257 300
Table 5. Calculated resolving power limits for Instrument 2a
m/z
Rv
21
Rs
21
any
Rt
21aCHCA DHBs
1296 5734 1296 5734 1296 5734
Tuning
#1 10,300 50,400 7600 18,100 58,300 20,600 43,300
#2 8,700 148,000 5000 53,400 39,400 20,200 42,500
#3 7,200 298,000 4300 107,000 24,300 19,500 41,000
aThe resolution limit due to trajectory errors, RL is estimated to be
28,000.
Table 6. Comparison of calculated resolving power with
experimental results for Instrument 2a
m/z
aCHCA DHBs
1296 5734 1296 5734
Tuning
1 8700 (8000) 20,000 (19,000) 6800 (5000) 13,900 (15,000)
2 7500 (7000) 19,900 (20,000) 4700 (4500) 18,800 (19,500)
3 6400 (3500) 16,700 (15,500) 4100 (3000) 16,600 (16,000)
aExperimental values are in parentheses.
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smallest, and for tuning #3, where a longer source focal
length allows second order velocity focusing the correc-
tions are largest. This leads to the seemingly paradoxi-
cal conclusion that better velocity focusing and higher
theoretical resolving power at a selected mass does not
imply better mass accuracy. Instead a tuning condition
that minimizes the effect of mass on resolution also
minimizes the correction terms that are dependent on
initial velocity. Tuning with a short source focal length
also minimizes the effect of ion initial position on the
flight time. Because initial velocity and position are
variables not under direct experimental control, these
are the major sources of uncontrolled variations in ion
flight times, and hence the limiting factors in achieving
ultimate mass accuracy with either internal or external
calibration. Thus tuning 1 is preferred for obtaining the
most accurate mass measurements, even though the
maximum resolution may be somewhat less than can be
obtained with other operating conditions.
Conclusions
A mathematical model accurately describing the behav-
ior of TOF analyzers employing uniform electrical fields
has been presented. This model has been applied to
accurately evaluating the limits on resolution and mass
accuracy for various instrumental geometries. Particu-
lar emphasis has been placed on techniques appropriate
for use with MALDI where velocity focusing is neces-
sary for achieving high performance, but the techniques
described are also applicable to other ion introduction
methods, such as orthogonal injection, where space
focusing may be more important. It was found that first
Figure 10. Examples of insulin spectra obtained with tuning #2
using different matrices.
Figure 11. Peak profiles for several masses from a single spectrum obtained using tuning #1 with the
delay time set for optimum resolution at ;m/z 5 2500.
Figure 12. Calculated deviation from the simple TOF calibration
law that time is proportional to square root of mass for the three
tuning conditions defined in Figure 9. Values are plotted as the
negative deviation as predicted by eq 60.
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and second order velocity focusing is possible with the
simplest delayed extraction TOF analyzer imaginable;
that is, one consisting only of a single-field source and
a field-free drift space, and that quite high resolution at
a selected mass is theoretically possible with this simple
system. Unfortunately, use of this analyzer at second
order focus appears to be impractical both because the
resolution as a function of mass is very sharply peaked
at the focused mass and because the tuning can only be
done mechanically. Addition of a single-stage mirror
provides an additional free parameter, the length of the
mirror, which can be adjusted electrically by varying
the voltage applied to the mirror. This is a practical
system which can be readily optimized for any given
distributions of initial velocities and positions, and has
the advantage that all of its performance characteristics
can be readily calculated. Addition of the mirror does
not increase the theoretical resolution of a system
employing velocity focusing, rather for the same length
drift space it decreases the resolution; but it dramati-
cally broadens the range of focus and allows more
accurate mass calibration by decreasing the effect of
initial velocity and position on the ion flight times.
Replacing the single-stage source with a two-stage
source does not necessarily provide higher perfor-
mance, but it provides an additional degree of freedom
and hence more flexibility. In particular, it allows the
same source to be optimized for both linear and reflect-
ing analyzers in the same instrument. We were unable
to find any advantages for two-stage or higher order
mirrors with velocity focusing.
The mathematical model has been applied to opti-
mizing the performance of both linear and reflecting
analyzers for applications to MALDI, and calculated
performance under different tuning conditions has been
compared with experimental results. In general, calcu-
lated resolutions are in good agreement with experiment
indicating that the major factors limiting the resolution are
accurately described by the model. In general we find that
the most useful operating conditions are those that pro-
vide sufficient resolution over a broad range of mass
with minimal dependence of the mass scale on initial
velocity, even though the resolution may be signifi-
cantly less than the maximum that can be achieved for
a limited mass range. Calculations of optimum delay
times are less satisfactory. In some cases the agreement
with experiment is improved by determining the opti-
mum delay using the exact equations for TOF, but most
of the observed discrepancies appear to reflect devia-
tions from the uniform fields assumed in the model.
Appendix I. Fundamental Theory
Equations from Basic Physics
1. Newton’s second law. Force 5 Mass 3 Acceleration.
Acceleration is equal to the rate of change of the
velocity, dv/dt. For charged particles in an electric
field, force is charge z multiplied by electric field
strength E, and the field is equal to the gradient of the
potential. In general, acceleration, velocity, force, and
electric field are vectors, but in the case of uniform
fields the field is nonzero only in one direction. In this
one dimensional case, we have
F 5 ma ~Newton’s law! (64)
F 5 zE ~Force on a charged particle! (65)
E 5 V/d ~uniform field, potential difference
V across distance d (66)
a 5 dv/dt ~definition of acceleration! (67)
dv 5 adt (68)
Integrating
v2 2 v1 5 at
or (69)
t 5 ~v2 2 v1!/a
where v2 is the final velocity after acceleration, v1 is the
initial velocity before acceleration, and t is the time that
the ion spends in the field. In a field-free space, the
acceleration is zero, and we have
v 5 dx/dt 5 constant,
and integrating gives
t 5 ~ x2 2 x1!/v 5 D/v (70)
2. Conservation of energy. In conservative systems (i.e.,
no frictional losses) the sum of kinetic energy and
potential energy is constant. For motion of charged
particles in an electric field, this can be expressed as
T2 2 T1 5 z~V1 2 V2! (71)
where the kinetic energy T 5 mv2/2. This can be
solved for v to give an explicit expression for the
velocity of a charged particle at any point.
For ions traveling through a series of uniform elec-
trical fields the above equations provide exactly the
TOF as a function of mass, charge, potentials, and
distances. If the SI system is used, in which distance is
expressed in meters, potentials in volts, masses in kg,
charge in coulombs, and time in seconds, then no
additional constants are required.
Case I. Single-Field Source
This is the simplest form of TOF analyzer. A uniform
electric field is formed by applying a potential differ-
ence V to a pair of parallel plates spaced a distance da
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apart. The potential diagram is shown in Figure 13a.
One of the plates includes an aperture covered by a fine
grid so that ions can pass from the accelerating region
into the field-free drift space. A detector is located at a
distance D from the apertured plate. Ions are produced
at a point x in the field with initial velocity v0, and the
positive direction for both x and v0 is taken in the
direction of ion acceleration.
From conservation of energy the kinetic energy after
acceleration (at V 5 0) is given by
T~ x, v0! 5 mv
2/ 2 5 T0 1 zV~da 2 x!/da
5 zV~1 2 x/da 1 T0/zV! (72)
where
T0 5 mv0
2/ 2 (73)
Equation 72 can be simplified by defining a perturba-
tion p given by
p 5 @T~0, 0! 2 T~ x, v0!#/T~0, 0! 5 x/da 2 T0/zV
(74)
T~ x, v0! 5 mv
2/ 2 5 zV~1 2 x/da 1 T0/zV!
5 zV~1 2 p! (75)
Solving for the velocity gives
v 5 ~2zV/m!1/2~1 2 p!1/2 (76)
The velocity of an ion originating from x 5 0 with zero
initial velocity is given by
vn 5 ~2zV/m!
1/2 (77)
And the perturbation p can be expressed in terms of the
velocities as
p 5 x/da 2 T0/zV 5 x/da 2 ~v0/vn!
2 (78)
In terms of these parameters the velocity is given by
v 5 vn~1 2 p!
1/2 (79)
From the basic equations 64–66 the acceleration is
given by
a 5 F/m 5 zE/m 5 zV/mda (80)
Thus the time of flight through the acceleration region is
given by
t1 5 v/a 2 v0/a 5 ~ zV/mda!
21~2zV/m!1/2
3 ~1 2 p!1/2 2 ~ zV/mda!
21v0 (81)
t1 5 ~2da/vn!@~1 2 p!
1/2 2 v0/vn# (82)
The flight time through the field-free drift tube to the
detector is
t2 5 D/v 5 ~D/vn!@~1 2 p!
21/2# (83)
The total flight time is the sum of these two contribu-
tions
t 5 t1 1 t2 5 ~D/vn!@~1 2 p!
21/2 1 ~2da/D!
3 ~1 2 p!1/2 2 ~2da/D!~v0/vn!# (84)
For all cases of practical importance the perturbation p
is small compared to unity. This allows the exact
expression to be approximated accurately by expanding
the terms inside the radicals in a power series and
retaining as many terms as are required to achieve the
desired degree of accuracy. The pertinent expansions
are
~1 2 p!21/2 5 1 1 p/ 2 1 3p2/8 1 5p3/16
1 35p4/128 1 · · · (85)
~1 2 p!1/2 5 1 2 p/ 2 2 p2/8 2 p3/16
2 5p4/128 2 · · · (86)
Figure 13. Potential diagrams for ion sources and reflectors. In a
linear TOF analyzer, ions exiting the source travel a distance D
through a field-free region to the detector. In reflecting analyzers
the detector is positioned to receive ions after exiting the mirror,
and the distance D is the total ion path length in the field-free
region between source and detector.
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Expanding to fourth order and collecting terms we have
t 5 ~Df0/vn!@1 1 f1p/f0 1 f2p
2/f0 1 f3p
3/f0
1 f4p
4f0 1 · · · 2 ~2da/f0D!~v0/vn!# (87)
where
f0 5 1 1 2da/D (88)
f1 5 @1 2 2da/D#/ 2 (89)
f2 5 @3 2 2da/D#/8 (90)
f3 5 @5 2 2da/D#/16 (91)
f4 5 5@7 2 2da/D#/128 (92)
and p is given by eq 78 above.
Case II. Single-Field Source Plus Single-Field
Mirror
The potential diagram for a single-field mirror is shown
in Figure 13c. The time of flight through a single-field
mirror is given by
t 5 2v/aR (93)
where v is the velocity of an ion entering the mirror, and
aR is the acceleration within the mirror. At the turning
point in the mirror the velocity is zero and the time
required to traverse from entrance to turning point is
equal to the time from turning point to exit.
The velocity at the entrance to the mirror is the same
as that in the drift tube, given by eq 79, and the
acceleration in the mirror is
aR 5 zV/mdR 5 vn
2/ 2dR (94)
where dR is the length of the mirror across which the
potential difference V is applied. The TOF through the
mirror is then
tR 5 2v/aR 5 ~D/vn!~4dR/D!@~1 2 p!
1/2# (95)
The total flight time is given by the sum of the
contributions from the source, drift space, and mirror.
This is given by
t 5 t1 1 t2 1 tR 5 ~D/vn!@~1 2 p!
21/2
1 ~2da/D 1 4dR/D!~1 2 p!
1/2
2 ~2da/D!~v0/vn# (96)
Expanding in a power series in p the exact equation
is approximated by eq 87 with the addition of the term,
4dR/D into the expressions for the f coefficients, which
become
f0 5 1 1 4dR/D 1 2da/D (97)
f1 5 @1 2 4dR/D 2 2da/D#/ 2 (98)
f2 5 @3 2 4dR/D 2 2da/D#/8 (99)
f3 5 @5 2 4dR/D 2 2da/D#/16 (100)
f4 5 5@7 2 4dR/D 2 2da/D#/128 (101)
Case III. Two-Field Source
The potential diagram for a two-field source is shown in
Figure 13b. In this case there is an intermediate grid in
the ion accelerator with potential V1 applied to that
grid. As indicated in the potential diagram the length of
the first acceleration region is da, and the length of the
second acceleration region is d0. The time in the first
region, according to eq 69, is given by
t1 5 v1/a1 2 v0/a1
From conservation of energy the kinetic energy after
acceleration in the first region is given by
T1~ x, v0! 5 mv1
2/ 2 5 T0 1 z~V 2 V1!~da 2 x!/da
5 z~V 2 V1!@1 2 x/da 1 T0/z~V 2 V1!#
(102)
Where the initial kinetic energy T0 is given by eq 73.
If we define the voltage ratio y as
y 5 V/~V 2 V1! (103)
And the perturbation p as
p 5 @T1~0, 0! 2 T1~ x, v0!#/T1~0, 0!
5 x/da 2 yT0/zV (104)
Then
T1~ x, v0! 5 mv1
2/ 2 5 z~V/y!~1 2 p! (105)
Solving for the velocity gives
v1 5 ~2zV/ym!
1/2~1 2 p!1/2 (106)
The acceleration in the first region of the source is
given by
a1 5 z~V 2 V1!/mda 5 zV/ymda (107)
Thus the flight time through the first acceleration region
is given by
t1 5 v1/a 2 v0/a 5 ~ zV/ymda!
21~2zV/ym!1/2
3 ~1 2 p!1/2 2 ~ zV/ymda!
21v0 (108)
t1 5 ~2da/vn!@ y
1/2~1 2 p!1/2 2 yv0/vn# (109)
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The flight time through the second acceleration region
is given by
t2 5 v/a2 2 v1/a2 (110)
The kinetic energy after the second stage of accelera-
tions is given by
T~ x, v0! 5 T1~ x, v0! 1 zV1 5 mv
2/ 2
5 z~V/y!~1 2 p! 1 z~ y 2 1!V/y
5 zV~1 2 p/y! (111)
Solving for the velocity gives
v 5 vn~1 2 p/y!
1/2 (112)
where vn is given by eq 77. The acceleration in the
second region is given by
a2 5 zV1/md0 5 zV~ y 2 1!/ymd0 (113)
and
t2 5 ~2d0/vn!$@ y/~ y 2 1!#@~1 2 p/y!
1/2
2 ~1 2 p!1/2/y1/2#% (114)
The flight time through the field free region is given by
t3 5 D/v 5 ~D/vn!@~1 2 p/y!
21/2# (115)
The total flight time is then given by
t 5 t1 1 t2 1 t3 5 ~D/vn!$~1 2 p/y!
21/2 1 ~2d0/D!@ y/~ y 2 1!#%~1 2 p/y!
1/2
1 y1/2@2da/D 1 ~2d0/D!/~ y 2 1!#~1 2 p!
1/2 2 ~2da/D!~v0/vn!) (116)
Expanding the radicals into power series in p and p/y
and collecting coefficients, this exact equation can be
approximated by
t 5 ~Df0/vn!@1 1 f1p/f0 1 f2p
2/f0
1 f3p
3/f0 1 · · · 2 ~2day/f0D!~v0/vn!# (117)
which is formally identical to eq 87, except for the factor
of y in the last term and in the definition of p. In this
case the coefficients are given by
f0 5 1 1 2day
1/2/D 1 ~2d0/D!
3 @ y/~ y 2 1!#~1 2 1/y1/2! (118)
f1 5 $1/y 2 2day
1/2/D 2 ~2d0/D!
3 @ y/~ y 2 1!#~1/y 2 1/y1/2!%/ 2 (119)
f2 5 $3/y
2 2 2day
1/2/D 2 ~2d0/D!@ y/~ y 2 1!#
3 ~1/y2 2 1/y1/2!%/8 (120)
f3 5 $5/y
3 2 2day
1/2/D 2 ~2d0/D!@ y/~ y 2 1!#
3 ~1/y3 2 1/y1/2!%/16 (121)
Fourth and higher order terms can be easily added if
necessary, but except in cases where p approaches 0.1 or
higher the error introduced by truncating the series
after the third order term is small compared to errors
due to deviations from the one-dimensional model.
Case IV. Two-Field Source Plus Single-Field Mirror
The potential diagrams for this case are shown in Figure
13b, c. In this case the acceleration is given by eq 94 and
the velocity entering the mirror by eq 112. Thus, the
time through the mirror is given by
tR 5 2v/aR 5 ~D/vn!~4dR/D!@~1 2 p/y!
1/2# (122)
The exact equation for TOF is obtained by adding the
time in the mirror to that for the source and drift space
given by eq 116 above. The approximate expression is
given by 117 with a term due to the mirror added to the
f coefficients. These then become
f0 5 1 1 4dR/D 1 2day
1/2/D 1 ~2d0/D!
3 @ y/~ y 2 1!#~1 2 1/y1/2! (123)
f1 5 $~1 2 4dR/D!/y 2 2day
1/2D 2 ~2d0/D!
3 @ y/~ y 2 1!#~1/y 2 1/y1/2!%/ 2 (124)
f2 5 $~3 2 4dR/D! y
2 2 2day
1/2/D 2 ~2d0/D!
3 @ y/~ y 2 1!#~1/y2 2 1/y1/2!%/8 (125)
f3 5 $~5 2 4dR/D!/y
3 2 2day
1/2/D 2 ~2d0/D!
3 @ y/~ y 2 1!#~1/y3 2 1/y1/2!%/16 (126)
Case V. Single-Field Source Plus Two-Field Mirror
The potential diagrams are shown in Figure 13a, d. In
this case there is an intermediate grid in the ion reflector
with potential V1R applied to that grid. As indicated in
the potential diagram the length of the first region is d1,
and the length of the second acceleration region is d2.
The analysis of the two-field mirror is essentially iden-
tical to that for the two-field source except that the ions
enter and exit the mirror with a velocity determined by
the source, and the velocity at the turning point in the
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second region is zero. Thus, the time in the second
region is given by
t2R 5 2v1R/a2R (127)
And the time in the first region is given by
t1R 5 v/a1R 2 v1R/a1R (128)
The accelerations are
a1R 5 zV1R/md1 5 zV~w 2 1!/wmd1 (129)
a2R 5 z~V 2 V1R!/md2 5 zV/wmd2 (130)
where
w 5 V/~V 2 V1R! (131)
The velocity at the entrance to the mirror v is given by
eq 79 and the kinetic energy at the intermediate grid is
T1R~ x, v0! 5 mv1R
2 / 2 5 T~ x, v0! 2 zV1R
5 zV~1 2 p! 2 zV~w 2 1!/w
5 zV~1 2 pw!/w (132)
where T(x, v0) for the single-field source is given by eq
75. Solving for the velocity gives
v1R 5 ~2zV/wm!
1/2~1 2 pw!1/2
5 vn~1 2 pw!
1/2/w1/2 (133)
where vn is given by eq 77. The flight times through the
two sections of the mirror are then given by
t1R 5 ~4d1/vn!$@w/~w 2 1!#@~1 2 p!
1/2
2 ~1 2 wp!1/2/w1/2#% (134)
t2R 5 ~4d2/vn!w
1/2~1 2 wp!1/2 (135)
Adding the reflector flight times to those for the
single-stage source and drift space given by eq 84 above
provides an exact expression for this case. Expanding in
power series and collecting terms, the exact expression
can be approximated by eq 87 with terms due to the
two-stage mirror added to the f coefficients. These are
given by
f0 5 1 1 2da/D 1 4d2w
1/2/D 1 ~4d1/D!
3 @w/~w 2 1!#~1 2 w21/2! (136)
f1 5 $1 2 2da/D 2 4d2w
3/2/D 2 ~4d1/D!
3 @w/~w 2 1!#~1 2 w1/2!%/ 2 (137)
f2 5 $3 2 2da/D 2 4d2w
5/2/D 2 ~4d1/D!
3 @w/~w 2 1!#~1 2 w3/2!%/8 (138)
f3 5 $5 2 2da/D 2 4d2w
7/2/D 2 ~4d1/D!
3 @w/~w 2 1!#~1 2 w5/2!%/16 (139)
Case VI. Two-Field Source Plus Two-Field Mirror
The potential diagrams are shown in Figure 13b, d. The
exact equation for TOF is given by the sum of the time
for the two-stage source and drift tube, eq 116 plus the
contributions from the mirror. In this case the velocity
at the entrance to the mirror v is given by eq 112 and the
kinetic energy at the intermediate grid is
T1R~ x, v0! 5 mv1R
2 2 5 T~ x, v0! 2 zV1R
5 zV~1 2 p/y! 2 zV~w 2 1!/w
5 zV~1 2 pw/y!/w (140)
where T(x, v0) for the two-field source is given by eq
111. Solving for the velocity gives
v1R 5 ~2zV/wm!
1/2~1 2 pw/y!1/2
5 vn~1 2 pw/y!
1/2/w1/2 (141)
where vn is given by eq 77. The flight times through the
two sections of the mirror are then given by
t1R 5 ~4d1/vn!$@w/~w 2 1!#@~1 2 pw/y!
1/2
2 ~1 2 pw/y!1/2/w1/2#% (142)
t2R 5 ~4d2/vn!w
1/2~1 2 pw/y!1/2 (143)
This exact equation can be approximated by eq 117 with
the f coefficients given by
f0 5 1 1 2day
1/2/D 1 ~2d0/D!@ y/~ y 2 1!#
3 ~1 2 1/y1/2! 1 4d2w
1/2/D 1 ~4d1/D!
3 @w/~w 2 1!#~1 2 1/w1/2! (144)
f1 5 $~1/y 2 2day
1/2/D 2 ~2d0/D!@ y/~ y 2 1!#
3 ~1/y 2 1/y1/2! 2 4d2w
3/2/yD 2 ~4d1/D!
3 @w/~w 2 1!#~1/y 2 w1/2/y!%/ 2 (145)
f2 5 $~3/y
2 2 2day
1/2/D 2 ~2d0/D!@ y/~ y 2 1!#
3 ~1/y2 2 1/y1/2! 2 4d2w
5/2/y2D 2 ~4d1/D!
3 @w/~w 2 1!#~1/y2 2 w3/2/y2!%/8 (146)
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f3 5 $~5/y
3 2 2day
1/2/D 2 ~2d0/D!@ y/~ y 2 1!#
3 ~1/y3 2 1/y1/2! 2 4d2w
7/2/y3D 2 ~4d1/D!
3 @w/~w 2 1!#~1/y3 2 w5/2/y3!%/16 (147)
The equations for the two-stage source reduce to
those for the single-stage source when
y 5 1, d0 5 0 (148)
or alternatively when
y 5 1 1 d0/da (149)
and the total acceleration distance becomes d01da.
Similarly, the two-stage mirror reduces to an equivalent
one-stage mirror when
w 5 1, d1 5 0 (150)
or when w 5 1 1 d1/d2 and the total reflection distance
becomes
d1 1 d2. (151)
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